Human cell-based 3D tissue constructs play an increasing role in disease modeling and drug screening. Inflammation, atherosclerosis, and many autoimmune disorders involve the interactions between immune cells and blood vessels. However, it has been difficult to image and model these interactions under realistic conditions. In this study, we fabricated a perfusion and imaging chamber to allow the real-time visualization of leukocyte perfusion, adhesion, and migration inside a tissue-engineered blood vessel (TEBV). We monitored the elevated monocyte adhesion to the TEBV wall and transendothelial migration (TEM) as the TEBV endothelium was activated by the inflammatory cytokine TNF-α. We demonstrated that treatment with anti-TNF-α or an NF-kB signaling pathway inhibitor would attenuate the endothelium activation and reduce the number of leukocyte adhesion (>74%) and TEM events (>87%) close to the control. As the first demonstration of real-time imaging of dynamic cellular events within a TEBV, this work paves the way for drug screening and disease modeling in TEBV-associated microphysiological systems.
Introduction
Many vascular diseases, such as inflammation, atherosclerosis, and cancer metastasis, [1] [2] [3] [4] involve the interactions between leukocyte and the endothelium of blood vessel. The number of leukocytes that aggregate near a lesion, adhering to, or transmigrating into the blood vessel, can serve as an important biomarker for vascular disease or drug screening. However, as blood vessels are opaque and mostly embedded within the human body, conventional optical or confocal microscopy cannot be applied, except to the microvessels.
Other imaging modalities such as computed tomography (CT) scan and magnetic resonance imaging (MRI), which has a spatial resolution at hundreds of microns, cannot observe at the cellular level. 5, 6 In short, poor access to human blood vessels and the difficulty to image cellular interactions within them hinder the understanding of many vascular disease mechanisms.
Advances in vascular tissue engineering offer an alternative to the accessibility of human blood vessels. Human cellbased tissue-engineered blood vessels (TEBV) have been demonstrated as predictive in vitro models to facilitate drug toxicity/efficacy testing and disease modelling. [7] [8] [9] [10] [11] Differing from earlier generations of artificial blood vessels fabricated from synthetic polymers like expanded polyetrafluoroethylene (ePTFE) and polyethylene terephthalate fibre, these TEBV are made with human cells and ECM proteins, thus can mimic many native blood vessel functions such as vaso-contractility, constriction, dilation, and endothelium-dependent NO release. Recent studies demonstrated the feasibility of studying drug responses in those TEBV. [12] [13] [14] However, another important feature of blood vessel function -leukocyte-endothelium interactions -has not been characterized. Only limited studies have tackled the leukocytes interaction with TEBV, relying on "end-stage" observations in which TEBV are fixed and cut open at the end of the experiment to characterize the location of the leukocytes on and in the TEBV. 13, 14 The most desired information -the dynamics of leukocyte adhesion and transendothelial migration into the TEBV -has not been available. There are two primary obstacles that currently hinder the live imaging of TEBV, one is the lack of an optimally designed bioreactor that is compatible with microscopy regarding working distance of the microscope objectives. The other is the opaqueness of TEBV -it is not possible to look deep into the TEBV with common microscopic techniques. 15 In this work, we address both problems by developing a perfusion and imaging chamber (PIC), that coupled with deep-penetrating two-photon laser microscopy can observe dynamically the interactions of leukocyte with TEBV. We captured the leukocyte behaviour inside of TEBV under flow conditions and observed leukocyte-TEBV endothelium interactions such as leukocyte adhesion, migration, and transendothelial migration. We further investigated drug-induced alteration in leukocyte behaviour. As a first demonstration of real-time imaging of leukocyte adhesion on TEBV, this work paves the way for studying the mechanisms of immune cellrelated vascular disease, offering a potential platform to screen anti-inflammatory drugs.
Materials and methods

Cell culture
hEPC: human umbilical cord blood derived endothelial progenitor cells (hEPCs) were isolated as previously described. 12 In short, umbilical cord blood was obtained from the Carolina Cord Blood Bank. All patient identifiers were removed prior to receipt. The protocol for the collection and the usage of human blood in this study was approved by the Duke University Institutional Review Board. Cells were maintained in EGM2 (Lonza) in a humidified 5% CO 2 incubator. Medium was changed every day. After reaching 90% confluency, cells were trypsinized (0.05% trypsin/EDTA; Gibco) and split 1 : 4. Cells were used at passages 6-9 for TEBV lumen perfusion to form the endothelium. UASMC: umbilical artery smooth muscle cells (UASMCs) were purchased from Lonza and cultured in SmGM (Lonza) in a humidified 5% CO 2 incubator. After reaching 90% confluence, cells were trypsinized (0.25% trypsin/EDTA; Gibco) and split 1 : 6. Cells were used at passages 5-6 to make the collagen tubular-TEBV. Leukocytes: monocytelike HL-60 cells were purchased from ATCC and cultured in RPMI-1640 with 15% FBS (Gibco) in a humidified 5% CO 2 incubator. Cells were split 1 : 8 when reach 2 × 10 6 cell per mL.
Fabrication of UASMC-TEBV in collagen scaffold
Collagen-TEBV: collagen TEBV was fabricated similarly as previously described. 12 Briefly, 5 000 000 UASMCs were embedded in 3 mL (1.5 mg mL −1 ) rat-tail collagen I (BD Biosciences) in a 3 cc syringe (BD) with a closed two-way LuerLok stopcock (Cole-Parmer) attached. After gelation for 30 minutes, TEBVs were gently dehydrated to remove the water and increase the collagen fibre density. 12 The outer and inner diameters of the TEBV were decided by the size of the mandrel and the mold, which was 2.5 mm and 0.8 mm respectively. TEBVs were then cultured in DMEM with 1.
glucose L-glutamine and 110 mg L −1 sodium pyruvate supplemented with 5% heat inactivated-fatal bovine serum (Gibco) in a rotating bioreactor for two days. The TEBV lumen was then coated with EPCs (2 × 10 6 cell per mL) by injecting EPCs into the lumen of each TEBV and rotated at 10 rotations per hour (rph) on a custom-made rotation platform for 2 minutes at 37°C to allow for cell adhesion.
The TEBV was cultured for extra two weeks in a perfusion reactor with perfusion at a speed of 2 mL min −1 . Peristaltic pump (Ismatec) was used to create flow through the TEBV. Flow circuit for TEBV was created using Tygon LMT-55 Tubing (Ismatec) and reservoirs. The circuit contained 35 mL of flow media (DMEM with 1.1 g L −1 glucose L-glutamine, and 110 mg L −1 sodium pyruvate supplemented with 3.3% heat inactivated-fatal bovine serum (Gibco), 1× NEAA, 100 U Pen-Strep). Media was replaced every 2-3 days.
Imaging
DIC/phase/epi-fluorescence imaging: DIC and phase contrast imaging was taken using an Olympus IX81 inverted microscope with a 10× or 20× objective. Images were captured using an air-cooled SensiCam QE CCD camera (Cooke Corp., Romulus, MI) driven by Metamorph (Molecular Devices/Meta Imaging, Downingtown, PA). Two-photon-/multi-photon confocal microscopy: confocal images were taken using Nikon A1RMP laser scanning system on an Eclipse Ti stand equipped with a 25×/NA1.1 Apo LWD water-immersion objective. For two-photon imaging, samples were excited at 890 nm with infrared light produced by a Chameleon Vision II tunable laser (Coherent, Santa Clara, CA).
The second harmonic generated (SHG) signal from collagen fibres was detected with a non-descanned detector (NDD) using a 400-450 nm bandpass filter. The green and red fluorescence signal from cells was detected as well with NDD using a 470-550 nm and a 570-640 nm bandpass filter, respectively. significantly different from other fluorescence-labelled monocytes. In each experiment, the cell number was counted and averaged from three microscopic views. Results were from four independent experiments. b. 3D-assay and two-photon imaging. Perfusion assay: monocyte-like HL-60 cells were labelled with red CMTPX (1 μM) for 45 minutes. Endothelialized TEBV was perfused with 200 U mL −1 TNF-α-containing DMEM medium for 4
hours. The leukocyte (2 × 10 5 cell per mL) was then perfused in TEBV at a speed of 0.2 mL min −1 (inducing a shear stress of ∼0.5 dyne per cm 2 ). Images/movies were taken using the two-photon confocal microscopy with a 25×/NA1.1 Apo LWD water-immersion objective. The 2D side-view of the TEBV for the perfusion of leukocyte, or the 3D-view of TEBV endothelium for the migration of leukocyte in TEBV was performed. Bi-directional imaging mode was used for leukocyte perfusion study to reach a scanning speed at 1 frame per s (FPS) (512 × 512 pixel). For leukocyte migration study, the stack of five images at different z position was imaged every minute (one z-stack per min) to achieve a better imaging quality (1024 × 1024 pixel). An 890 nm infrared laser was used to illuminate the second harmonic signal of collagen and cells labelled with green or red fluorescence signals. For the leukocyte perfusion study, the TEBV was perfused with leukocytecontaining medium continuously. For the leukocyte migration study, the TEBV was perfused with HL-60 cell-containing DMEM medium for 20 minutes, and then followed with medium without the leukocytes. All images were taken in a time-lapse mode, and played back at different speed as indicated in the figure/movie captions. 3D images were 3D-reconstructed by Imaris 7.7. Results were calculated from 60 leukocytes in three experiments. Leukocyte adhesion and TEM in TEBV (End-point Imaging): monocyte-like HL-60 cells were labelled with red CMTPX (1 μM), while EPCs, UASMCs in TEBV were labelled green CMFDA (1 μM) for 45 minutes. TEBV were perfused with 200 U mL −1 TNF-α-containing DMEM medium for 4 hours and then perfused with monocyte-like HL-60 cells at a concentration of 5 × 10 6 cell per mL for 1 hour. The TEBVs were then washed with medium, fixed with 4% PFA, and the cell nucleus labelled with DAPI and imaged with two-photon microscopy. The TEBV cells (in green) and leukocytes (in red) could be distinguished by their fluorescent colour and their relative 3D positions -on the lumen of TEBV or in the blood vessel wall -were 3D-reconstructed by Imaris 7.7. The numbers of cells that adhered on the lumen of TEBV or migrated into the wall of TEBV were first filtered using Imaris 7.7 with size and fluorescent intensity filters and then counted manually. Data are averaged from three independent experiments.
Data analysis and statistics
Data was expressed as mean ± SEM. Statistically significant difference was determined by either Student t-tests or oneway ANOVA and Tukey's post hoc test, statistical significance was set at p < 0.05.
Results
The process of a leukocyte interaction with TEBV is shown schematically in Fig. 1 . To perform the real-time imaging in TEBV, we first fabricated the TEBV and the perfusion and imaging chamber for TEBV imaging.
Fabrication of collagen scaffold-based tissue-engineered blood vessel (TEBV)
Human umbilical artery smooth muscle cells (UASMC) were mixed within type I collagen hydrogel scaffold and embedded in a tubular mould to construct the vessel wall of the TEBV (details in Materials and methods "TEBV-tubular method").
The cell-laden TEBVs were condensed and transferred to a micro-gravity bioreactor. After microgravity culture for two days, TEBVs were mounted on to a perfusion bioreactor and endothelialized by perfusion of endothelial progenitor cells (EPC) through the TEBV lumen (details in Materials and methods "TEBV-endothelialization"). The endothelialized TEBV continued to be perfused in the bioreactor for another two weeks for maturation before further analysis. The overall process of fabrication and culture of TEBV is schematically shown in Fig. 2A . Fig. 2B to E are images of a TEBV in perfusion (2B), an SEM image of a TEBV (2C), an H&E staining of a TEBV (2D) (Fig. S1 †) , and an immune-fluorescent staining image of a TEBV (2E), respectively.
Design and fabrication of perfusion and imaging chamber (PIC) for two-photon imaging of TEBV
To facilitate both perfusion and imaging for TEBV, we specially designed the PIC chamber. The base of the chamber was 3D-printed with an inner diameter (I.D.) of 50 mm for microscopic stage mounting, and large observation windows on both the chamber lids and chamber bottom to facilitate transmitted or inverted imaging. The central line of the inlet/ outlet grips (in Fig. 3A ) in PIC were designed to be 1.5 mm away from the observation window to meet the microscopy objective working distance specification (2 mm). Two other side-channels in PIC are designed for chamber medium exchange (details in Materials and methods). The main components of PIC are shown schematically in Fig. 3A and B and the fabricated PIC with TEBV inside is shown in Fig. 3C . The key components in the integrated PIC-two photon imaging setup are shown as inserts in Fig. 3D .
The main text of the article should appear here with headings as appropriate.
Leukocyte interaction with endothelial cells on 2D and in 3D PIC system
Activation of vascular endothelium is one of the initial and essential steps in vascular inflammatory responses.
3 Activated endothelial cells (ECs) express surface adhesion molecules to recruit leukocytes, e.g. monocytes and neutrophils, to the inflammatory sites, and induce their attachment, aggregation, migration, and transendothelial migration (TEM). We first performed a 2D assay in the conventional Transwell configuration. In the 2D model, the monocyte adhesion and transmigration on confluent endothelial cell layer was significantly increased for >70 folds after the endothelial cells were activated by TNF-α (Fig. 4) . The complete process of TEM, which typically transpire at a time scale of tens of seconds, was recorded (Movie S1 †) and the montage of this process is shown in Fig. 4B . During TEM, the monocytes underwent (orange arrow) a significant morphological change, from a spherical shape (yellow arrow) to a flattened shape (red arrow), as they moved under the endothelial cells.
To observe the monocyte-endothelium interactions in TEBV, the PIC system was installed onto the Nikon A1R confocal microscopy stage with a 25× L.W.D. objective (W.D. = 2 mm, N.A. = 1.10) and using a two-photon imaging module. Monocytes were pre-labelled with red-fluorescent marker CMPTX. To minimize fluorescence background and possible fluorescence bleed through, we did not stain the blood vessel wall but used the second harmonic mode to image the collagen fibres in the TEBV vessel wall. After screening, we selected wavelength of 890 nm as the best condition to obtain the second harmonic signals from collagen fibres (Fig. S2 †) . With this setup, we could directly image the leukocytes inside the TEBV with a perfusion flow rate of 0.2 mL min −1 . The imaging focal plane is schematically shown as red signals are the stained monocytes. Monocytes in perfusion showed up as an elongated particle (green arrow) as they were fast moving across the whole imaging plane during the imaging. Leukocytes that firmly attached onto the endothelium of TEBV showed as red dots (yellow arrow) ( Fig. 5B ; Movie S2 †). In the movie, the monocyte highlighted by the arrow attached to the TEBV endothelium and gradually moved out of the confocal focal plan, indicating a TEM event (Movie S2′0″-2′37″ †); next, another monocyte (green arrow) approached and attached at the same region (Movie S2′48″ †). The montage of the entire process was shown in Fig. 5C .
To investigate the leukocyte migration on the TEBV endothelium, we performed time-lapse multiple-layer Z-scanning at a higher resolution. The focal plane for imaging is schematically shown in Fig. 5B upper left panel; and a microscopic image is shown in Fig. 5B upper right panel. We pre-labelled monocytes with the green-fluorescent marker (CMFDA) and SMCs/EPCs with the red-fluorescent marker (CMTPX). The second harmonic imaging was used to display collagen fibres in TEBV wall. Monocytes attached to the endothelium and migrated on its surface were imaged and demonstrated as a montage in Fig. 5A lower panel. Movie S3 † was a movie made from 3D-reconstructed image series to demonstrate the monocyte migration on the TEBV lumen. The monocyte migration speed and directionality were analysed and demonstrated in Fig. 5C and the insert panel.
Inhibition of leukocyte-endothelium interaction in TEBV
To explore if this model can be used for future drug testing, we used two anti-inflammatory drugs, TNF-α-neutralizing antibody and Bay-11-7082 (an NF-kB signalling pathway inhibitor), to attenuate the endothelium activation. [16] [17] [18] Using the same cell-labelling scheme shown in Fig. 5 , the monocyte adhesion or TEM in the TNF-α activated TEBV was imaged in Fig. 6A and documented in 6B. We first confirmed in the 2D model that both drugs could reduce the monocyte adhesion to the EC layer (Fig. S3 †) . We selected the anti-TNF-α antibody at 10 nM, or Bay-11-7082 at 1 mM for the TEBV perfusion experiment. The anti-TNF-α significantly reduced the monocyte adhesion and TEM by 80.2% and 74.7%, ( p < 0.05) respectively; similarly, addition of Bay-11-7082 to the perfusion reduced the monocyte adhesion and TEM by 87.3% and 89.9% ( p < 0.05), respectively (Fig. 6B ).
Discussion
The real-time observation of leukocyte behaviour in human blood vessel, which would be valuable for drug screening and disease modelling, has not been reported in the literature due to the difficulties of imaging such interactions. Although many different bioreactors for TEBV have been developed in the past, few of them are suitable for imaging. They are mostly made of Plexiglas with a thickness in millimetres, thus does not meet the working distance of most advanced microscopy objective. [12] [13] The opaqueness of TEBV is another challenge; the thick TEBV wall blocks the light penetration and prevents the cells deep in the wall of the TEBV from being illuminated and distinguished. In this work, we specially designed a PIC system to combine with two-photon microscopy to render the study of the TEBV lumen at the single cell level.
On one hand, this PIC imaging system can monitor the interactions between leukocytes and blood vessels under more biomimetic conditions than those in existing flow chamberbased leukocyte-adhesion assays. Flow chambers usually have endothelial cells cultured on glass or polystyrene, with a stiffness six orders of magnitude larger than that of physiological blood vessels. This difference in substrate stiffness could affect endothelial cell functions, leading to corresponding changes in leukocyte behaviour. Moreover, once transmigration occurs, the leukocytes will be trapped between the ECs and the solid chamber substrate and became flat (Fig. 4) , whereas leukocytes in real physiological conditions would infiltrate into tissue (Fig. 6 ). 2D-flow chamber studies also lack 3D structured ECM, and the possible interactions among ECs, SMCs, and other cells. As a result, our model provides a more biomimetic microphysiological environment. These biomimetic features of the TEBV-PIC may be valuable for future use of TEBV as disease models, such as an inflammation model, or atherosclerosis model, which involves crosstalk among SMCs, ECs, leukocytes, and foam cells. 2, 19 On the other hand, the possibility of monitoring leukocyte perfusion (Fig. 5A) , adhesion, migration along the lumen, and transmigration (Fig. 5B, C and 6 ) in an TEBV offers researchers a tool to quantitatively measure and compare cell number in different inflammation conditions and/or with different drug treatment (Fig. 6 ). This quantitative analysis of leukocyte number and behaviour has many important applications. Firstly, it could serve as a measure of biological signals that could not previously be easily detected. For instance, endothelial activation can be classified into different stages with different phenotypes at each stage. [16] [17] [18] The adhesion and transmigration of leukocytes on ECs indicate stage-II EC activation, which involves EC hypertrophy as well as expression and release of leukocyte adhesion proteins such as E-selectin, ICAM-1 and VCAM-1. The leukocyte number could serve as a marker to indicate the level of adhesive protein expression on EC. Secondly, the quantitative analysis of leukocyte number and behaviour could serve as an indicator/ marker for drug efficacy. Anti-inflammatory drugs play an important role in treatment for immune system-related diseases such as arthritis, systemic lupus erythematous, and atherosclerosis. 18 These drug treatment efficacies can now be evaluated quantitatively in vitro, as we demonstrated in Fig. 6 , demonstrated as reducing the monocytes adhesion and transmigration of leukocyte. The further study on the measurement of the number of attached and transmigrated leukocytes over time may provide important information on the pharmacodynamics of a drug (or a drug candidate) -when it starts to take effect as well as when it reaches maximum effect in blood vessels.
Conclusions
We have developed a TEBV perfusion and imaging system to monitor real-time the interactions of leukocytes with the vessel wall. This study paves the way for using TEBV as an important platform for modelling immune system-related vascular diseases and for screening drugs that can regulate the inflammation cascade in the vascular system.
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